Abstract.
We use a 3-D chemical transport model (the GEOS-Chem CTM) to evaluate a global emission inventory for ethane (C 2 H 6 ), with a best estimate for the global source of 13 Tg yr -1 , 8.0
Tg yr -1 from fossil fuel production, 2.6 Tg yr -1 from biofuel, and 2.4 Tg yr -1 from biomass burning. About 80% of the source is emitted in the northern hemisphere. The model generally provides a reasonable and unbiased simulation of surface air observations, column measurements, and aircraft profiles worldwide, including patterns of geographical and seasonal variability. The main bias is a 20-30% overestimate at European surface sites. Propagation of the C 2 H 6 seasonal signal from northern mid-latitudes to the equatorial Pacific and the southern tropics demonstrates the dominance of northern mid-latitudes as a source of C 2 H 6 worldwide.
Interhemispheric transport provides the largest C 2 H 6 source to the southern hemisphere (1.7 Tg yr -1 ), and southern biomass burning provides the other major source (1.0 Tg yr -1 ). The C 2 H 6 emission inventory for the United States from the Environmental Protection Agency (0.6 Tg yr -1 )
is considerably lower than our estimate constrained by extensive aircraft observations in the continental boundary layer (2.4 Tg yr -1 ). This appears to reflect a factor 7 underestimate in the natural gas source over the south-central United States. Using the observed ratios of CH 4 :C 2 H 6 in that region, we estimate that the fossil fuel source of CH 4 in the United States is 18-22 Tg yr -1 , much higher than estimate in the national inventory, 10.5 Tg yr -1 .
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important source of peroxyacetylnitrate (PAN) which serves as a reservoir for nitrogen oxide radicals [Singh and Hanst, 1981; Kanakidou et al., 1991; Kasibhatla et al., 1993] . Its main sources are production, processing and handling of fossil fuels, biofuel use, and biomass burning.
It is the second most abundant constituent of natural gas after methane (CH 4 ). Atmospheric loss of C 2 H 6 is by reaction with OH, resulting in a mean atmospheric lifetime of ~2 months . Strong correlations are often observed between C 2 H 6 and CH 4 in the atmosphere [Bartlett et al., 1996 [Bartlett et al., , 2003 Shipham et al., 1998 ], which could provide valuable constraints on the fuel source of CH 4 and its contribution to radiative forcing of climate. Xiao et al. [2004] demonstrated that C 2 H 6 -CH 4 -CO correlations observed downwind of Asia, when interpreted quantitatively with a global chemical transport model, offer unique constraints on the magnitudes of CH 4 sources from Asia and Europe. Simpson et al. [2006] used long term measurements of C 2 H 6 to show that recent fluctuations in the growth rate of CH 4 are caused by interannual variability in biomass burning. General exploitation of C 2 H 6 -CH 4 correlations requires a better understanding of the global sources of C 2 H 6 .
Literature estimates for the global C 2 H 6 source vary from 8 to 18 Tg yr -1 (Table 1) . Most of these are simple top-down estimates in which an OH distribution was used to derive the source magnitude needed to match C 2 H 6 observations. The EDGAR (Emission Database for Global Atmospheric Research) V2.0 inventory [Olivier et al., 1996] is at the bottom end of the range. It is based on activity rates and emission factors for total non-methane hydrocarbons, with C 2 H 6 emissions derived from speciation profiles for various types of sources. Wang et al. [1998] used the bottom-up inventory of Piccot et al. [1992] for global emissions of alkanes from fossil fuel combustion and industrial activity, and assumed that 14% of these emissions were C 2 H 6 (on a carbon basis) using speciation measured at a rural site in the eastern United States. However, since the higher alkanes are emitted primarily from fossil fuel combustion, while the fossil fuel source of C 2 H 6 is mainly from natural gas production and coal mining [Nelson et al., 1983; Rudolph, 1995] , this simple scaling is probably not appropriate. We use here the source estimate of Xiao et al. [2004] which is described in more detail in Section 2.
The top-down estimates in Table 1 vary by almost a factor of 2 because of different data   used for C   1   2   3   4   5   6   7   8   9   10   11   12   13   14   15   16   17   18   19   20   21   22   23   24   25   26   27 2 H 6 , different types of models (1-, 2-and 3-dimensional) and assumed OH distributions, and different assumptions about the spatial patterns of emissions. Blake and Rowland [1986] and Gupta et al. [1998] used observations from remote surface locations along the Pacific Rim, while Boissard et al. [1996] used aircraft data from flights around the Atlantic Ocean. Rudolph et al. [1995] used a more comprehensive dataset including shipboard and aircraft observations from the remote troposphere in 1980-1992. Their top-down estimate is consistent with their independent bottom-up estimate. Thompson et al. [2003] relied on the same data as Rudolph et al. [1995] and the OH fields from Spivakovsky et al. [2000] ; they used the EDGAR inventory and found that they needed to scale the sources by a factor of 2.2 to match observed C 2 H 6 .
Emission estimates for the United States compiled by the Environmental Protection
Agency (EPA) appear to be 2-3 times too low relative to top-down constraints. This was first pointed out by Wang et al. [1998] [2004] .
We present here a comprehensive evaluation of the global C 2 H 6 budget by testing a bottom-up emission inventory with surface and aircraft observations, as well as ground-based column measurements. We also present a focused analysis of U.S. sources by using an extensive data set of aircraft observations for the U.S. boundary layer from the NASA INTEX-A campaign in July-August,
2004 [Singh et al., 2006] .
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General description
We use the GEOS-Chem chemical transport model ( scale [Rudolph, 1996] , although it may play a significant role in arctic and marine boundary layers [Jobson et al., 1994; Singh et al., 1996] . We use archived monthly mean 3-D OH concentrations from a GEOS-Chem simulation of tropospheric chemistry [Fiore et al., 2003] .
These concentrations yield an annual mean lifetime of methylchloroform with respect to loss by tropospheric OH of 6.3 years, as compared with the range of 5.6-6.5 years given by Prinn et al.
[2005] and 5.7 years given by Spivakovsky et al [2000] , based on methyl chloroform measurements. The resulting mean tropospheric lifetime of C 2 H 6 in the model is 80 days on a global basis, 49 days in the tropics, and 57 days in the extratropics in summer and 10 months in winter. We also include C 2 H 6 loss in the stratosphere using zonal mean OH concentrations from Schneider et al. [2000] . The C 2 H 6 sources in the model are from Xiao et al. [2004] with modifications described below. They include fossil fuel production (natural gas and oil leakage, natural gas venting, coal mining), biofuel combustion, and biomass burning. Biogenic and ocean sources are negligibly small [Plass-Dülmer et al., 1995; Rudolph, 1995] . The fossil fuel related sources are in common with those of CH 4 , and we scale them to the corresponding sources of CH 4 inferred for 1998 by Wang et al. [2004] from an inverse model analysis of CH 4 surface observations. Wang et al. [2004] relied on the geographical distributions of Fung et al. [1991] , along with temporal scaling, for their prior sources. In Xiao et al. [2004] we used CH 4 /C 2 H 6 molar emission ratios of 8 for eastern Russia, 24 for Europe, 40 for East Asia, and 19 for the rest of the world (ROW).
Ethane emissions
The ratio of 40 for East Asia results from using the inventory of Streets et al. [2003] for C 2 H 6 .
The ratios in other regions were adopted to give a reasonable simulation of C 2 H 6 observations.
Highly variable ratios are reported in the literature including 11-38 in the United States [Flores et al., 1999] , 5-35 in Chinese cities [Barletta et al., 2005] , 32 for natural gas/oil distribution networks in the United Kingdom [U.K. Photochemical Oxidants Review Group, 1997] , and 23 for natural gas/oil use in Korea [Na et al., 2004] . The CH 4 /C 2 H 6 ratio was 19 in samples collected downwind of natural gas plants in the southern United States and 7 in a sample downwind of an oil storage tank [Katzenstein et al., 2003] . In the present work we reduce European C 2 H 6 emissions by 30% and increase Asian emissions by 30% to better match the C 2 H 6 observations, based on the analysis shown below. We distribute the C 2 H 6 emissions over the United States following the EPA NEI-99 inventory but retain the national total of Xiao et al. [2004] , 2.2 Tg yr -1 which is a factor of 3.5 higher than the EPA estimate of 0.6 Tg yr -1 .
The source of C 2 H 6 from biomass burning is scaled to the gridded climatological biomass burning inventory for CO from Duncan et al. [2003] with monthly resolution. The annual source of CO from biomass burning is 410 Tg [Duncan et al., 2007] . The C 2 H 6 /CO emission ratios applied to the CO inventory [Staudt et al., 2003 ] depend on fuel type and are (in 10 -3 mol mol -1 ) 4.7 for tropical deforestation, 5.8 for extratropical forest fires, 4.6 for savanna/grassland, 6.8 for shrub fires, and 9.8 for agriculture residue, taken from the review of Andreae and Merlet [2001] .
The resulting global biomass burning source of C 2 H 6 is 2.4 Tg yr 2 H 6 is modest on the continental scale, amounting to 15% of the fossil fuel source for the July-August period.
The biofuel source is derived from the gridded aseasonal CO emission inventory of Yevich and Logan [2003] with an emission ratio of 14×10 -3 mol mol -1 for C 2 H 6 /CO [Bertschi et al., 2003] , except for Asia where we superimpose the biofuel source of C 2 H 6 from Streets et al.
[2003]. The latter inventory has a similar magnitude to that of Yevich and Logan [2003] but a different spatial distribution. The C 2 H 6 /CO emission ratio is considerably higher than for biomass burning, possibly due to flaming combustion [Bertschi et al., 2003] . The global biofuel source of C 2 H 6 is 2.6 Tg yr -1 , with 70% from Asia and most of the rest from Africa. Table 2 gives the global emission of C 2 H 6 used in our study and the contributions from different source types and continents. The global source is 13.0 Tg yr -1 including 62% from fossil fuel, 20% from biofuel, and 18% from biomass burning; 84% of the source is in the northern hemisphere. The fuel sources in Asia (3.6 Tg yr -1 ), Europe (2.1 Tg yr -1 ) and North America (2.4 Tg yr -1 ) are of similar magnitude and represent the major regions of emissions. Figure 1 shows the locations of C 2 H 6 measurements from surface stations (in situ and column) and aircraft missions used to evaluate model results. Details are given in Table 3 .
Observations used for model evaluation
Measurements from the surface stations in Table 3 have year-round data and are grouped regionally for model evaluation. To expand coverage in the remote troposphere (particularly in the tropics), we include also the network of surface Pacific sites maintained by the University of California at Irvine , referred to below as the UCI data. These data are from flask samples taken 4 times a year between 1996 and 2003. We group them into 6 geographic regions ( Figure 1 ) and exclude samples outside the median ± 2σ range to avoid local contamination. The column observations are from multi-year tropospheric records, omitting data from September 1997 to September 1998 because of the unusual fire influence [Rinsland et al., 1999 ]. Mahieu et al. [1997] ). However, most of the observations that we use are from the 1990's (Table 3) . Figure 2 shows the simulated monthly mean atmospheric C 2 H 6 columns in January and
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July. There are strong latitudinal and seasonal variations reflecting the distribution of the sources and the photochemical sink. The tropospheric lifetime of C 2 H 6 is sufficiently long to allow C 2 H 6 to mix zonally but sufficiently short to yield strong latitudinal and seasonal variations. 
Surface and ground-based column observations
Observations show similar values in the Arctic, Alaska, and the more remote northern European sites, with mixing ratios of 2-3 ppb in winter and 0.8-1 ppb in summer. The central European sites (south of 56°N) are more polluted, with C 2 H 6 mixing ratios greater than 3 ppb in winter/spring. As shown in Figure 3a , the model reproduces the observations in Alaska and the Arctic but is too high by 30% over northern Europe and by 20% over central Europe. The successful simulation of the seasonal amplitude implies a good description of the C 2 H 6 sink [Goldstein et al., 1995] . Our analysis thus implies that the European fossil fuel source is overestimated, unless there are deficiencies in the boundary layer mixing in the model. The model agrees better with the column data over Jungfraujoch and Spitsbergen, although it is too low at the latter by about 15% in winter ( Figure 4a) ; the European source provides a smaller fraction of C 2 H 6 in the column than at the surface stations. As noted in Section 2.2, we reduced the European source of C 2 H 6 by 30% relative to Xiao et al. [2004] , and compensated with a 30% increase in the Asian source to maintain a good simulation of C 2 H 6 at remote northern locations and downwind of Asia. A further decrease in the European source with a compensating increase in the Asian source would compromise the simulation of Asian outflow, as shown in Figure 5 Figure   3b ). In the extratropical southern hemisphere, the stronger OH seasonal variation and the southern hemisphere biomass burning source combine to produce a spring maximum. Even at southern mid-latitudes, the largest source of C 2 H 6 is from the northern hemisphere, both at the surface ( Figure 3b ) and in the column over New Zealand (Figure 4b ). 
Vertical structure from aircraft missions
Penkett et al.
[1993] reported 1.45-1.9 ppb C 2 H 6 in the marine boundary layer off the coast of Ireland in October where they sampled air from the Arctic, while the observations in Figure 5 are a factor of 2 lower (~0.7 ppb) because of the influence of tropical marine air [Fuelberg et al., 2000] . The model reproduces the boundary layer enhancements of C 2 H 6 in Asian outflow for the PEM-West A and TRACE-P missions over the northwest Pacific. European and Asian fossil fuel sources make similar contributions to simulated C 2 H 6 in the outflow.
Over the northern (region 13) and southern (region 14) United States during INTEX-A, observations of C 2 H 6 show a decrease from the boundary layer to the free troposphere and then an increase above 8 km. The model shows opposite biases for the two regions in the boundary layer and this will be addressed in Section 5. It does not capture the upper tropospheric enhancement, which reflects unexpectedly strong convective influence [Bertram et al., 2006] . Ethane mixing ratios over the southern tropical Pacific in March (PEM-Tropics B mission) show an increase with altitude, both in the observations and the model, reflecting the transport of C 2 H 6 from the northern hemisphere.. This reversed vertical gradient in the southern hemisphere for species originating in the northern hemisphere is well known [Jacob et al., 1987] .
The same region in September (PEM-Tropics A mission) shows an enhancement in the middle troposphere (caused by biomass burning emissions [Blake et al., 1999] ) that is lacking in the model. The biomass burning enhancement relative to background is much weaker in the model than observed in PEM-Tropics A for other hydrocarbons such as acetylene with shorter lifetimes and relatively stronger biomass burning sources [Xiao et al., 2007] . The PEM-Tropics observations show boundary layer C 2 H 6 mixing ratios of 170 ppt in March and 320 ppt in [Staudt et al., 2002] . It appears less likely that the model underestimates biomass burning emissions, since as shown in Figure 5 it reproduces successfully the elevated observations over Africa in October (TRACE-A mission) under conditions of strong regional biomass burning influence.
Constraints on C 2 H 6 emissions in the United States
The extensive measurements of C 2 H 6 in the boundary layer over the central and eastern
United States during the INTEX-A campaign ( Figure 1 ) allow a more focused analysis of regional C 2 H 6 sources. Figure 6 shows the spatial distribution of emissions assumed in the model, taken from the EPA NEI-99 inventory and scaled up by a factor of 3.5 as noted in Section 2. The major source regions include the south-central states (Texas, Louisiana, Oklahoma), the Lake Michigan area (Illinois and Wisconsin), and large metropolitan areas (Los Angeles, New
York City). The major C 2 H 6 source types in the NEI-99 inventory are "industrial solvents"
(47%), which account for the Lake Michigan maximum, and "other industrial" (28%) which includes natural gas/oil exploitation and accounts for the high values in south-central states.
There are in addition minor sources from transportation, power plants, and residential fossil fuel.
Ethane has no significant use as industrial solvent and this source attribution in the NEI-99 inventory is likely a result of the speciation profiles used to derive emissions of individual hydrocarbons. We find from the tagged tracers in the model that the regional biases in Figure 7 can be corrected by decreasing the northern (the Midwest and northeast) U.S. source by 50% and doubling the southern U.S. source east of 105°W relative to our emission inventory in Figure 6 .
The national emission total with this optimized source is similar to the original ( 
Discussion and Conclusions
We have evaluated a process-based emission inventory for C 2 H 6 with a chemical transport model (GEOS-Chem CTM) simulation of a large worldwide data set of observations from surface sites (including column measurements) and aircraft missions. Our prime motivation was to develop the potential of observed correlations of CH 4 -C 2 H 6 , when interpreted with a CTM, as constraints on the fossil fuel source of CH 4 . Ethane is also of interest in atmospheric chemistry as a major source of PAN in the remote troposphere.
Our estimate of global C 2 H 6 emissions is 13 Tg yr -1 including 8.0 Tg yr -1 from fossil fuels, 2.6 Tg yr -1 from biofuel, and 2.4 Tg yr -1 from biomass burning, as compared to the range of 8-18 Tg yr -1 for the global C 2 H 6 source in previous literature estimates. The fossil fuel sources of C 2 H 6 from the major continental regions of Europe, North America and Asia are of similar magnitude. The source from biofuel is larger than that for biomass burning, even though the amount of dry matter burned for biofuel is much smaller, because the emission factor for the former is more than twice the average value for the latter.
The source strength of C 2 H 6 in the southern hemisphere is 20% of that in the northern hemisphere, sufficiently small that transport from the north is an important source of C 2 H 6 throughout the southern hemisphere, providing 1.7 Tg yr -1 . Within the southern hemisphere, the largest source is biomass burning (1.0 Tg yr -1 ), with smaller sources from fossil fuels (0.6 Tg yr shown by surface and aircraft measurements. The major model bias is an overestimate of 30% at European stations. The model reproduces the relative seasonal amplitudes of C 2 H 6 at northern mid-latitudes and in the northern tropics, lending confidence in the simulation of the C 2 H 6 sink [Goldstein et al., 1995] . The model interpretation of observations in the tropics and southern hemisphere confirms the dominant role of northern mid-latitudes as a worldwide source of C 2 H 6 .
Ethane emissions in the United States are underestimated in the latest national emissions inventory for 1999 (NEI-99). Our standard simulation retained the spatial distribution of NEI-99 but used the C 2 H 6 source of 2.2 Tg yr -1 as compared to 0.6 Tg yr -1 in NEI-99. We tested it by comparison with extensive aircraft observations of C 2 H 6 in the boundary layer over the central and eastern United States in July-August 2004 during the INTEX-A campaign. We found that fitting the INTEX-A aircraft data requires a factor of 7 increase in NEI-99 emissions for the southern United States, where the dominant source is from the natural gas industry, and a factor of 1.8 increase for the northern United States, where the dominant source was ascribed to industrial solvents. Our revised estimate for the U.S. source of C 2 H 6 is 2.4 Tg yr -1 . The NEI inventory relies on speciation profiles that are applied to emissions of hydrocarbons from various processes, and these appear to be inappropriate for C 2 H 6 which does not seem to belong in the solvents category.
The major sources of CH 4 from fossil fuels in the U.S. are natural gas production (55%) and coal mining (30%) [EIA, 2005] , and the C 2 H 6 sources should be co-located with these. Thus, consistent with our findings, C 2 H 6 is co-located with the gas production in the southern U.S. and with the coal mining regions of both the east (Appalachia) and the west (the mountain states).
A reliable assessment of the C 2 H 6 source in North America has important implications for constraining the fossil fuel portion of the CH 4 budget. If we assume that the apportioning of CH 4 sources among gas, coal, and oil production in EIA [2005] is correct, and adopt the CH 4 /C 2 H 6 emission ratios of Katzenstein et al. [2003] , 19 mol mol -1 for natural gas (and apply it to coal also) and 7 mol mol -1 for oil storage, we derive an estimate of 22 Tg yr -1 for the U.S.
fossil fuel source of CH 4 ; if the fraction of CH 4 from oil is as high as 30%, the estimate is reduced to 18 Tg yr -1 . The national inventory for CH 4 from fossil fuels gives a source of 10. 8.0 Tg yr -1 from natural gas, 2.6 Tg yr -1 from biofuels, and 2.4 Tg yr -1 from biomass burning; this is the inventory used in the present work with minor modifications given in the text. f As in Xiao et al. [2004] but with 30% decrease in the European and 30% increase in the Asian anthropogenic sources. 
